Bacteria such as Escherichia coli (E. coli) exhibit biased motion if kept in a spatially non-uniform chemical environment. Here, we bring out unique time-dependent characteristics of bacterial chemotaxis, in response to a diffusing spatial step ligand profile. The experimentally obtained temporal characteristics of the drift velocity are compared with the theoretical and Monte-Carlo simulation based estimates, and excellent agreements can be obtained. These results bring in new insights on the time-responsive facets of bacterial drift, bearing far reaching implications in understanding their migratory dynamics in the quest of finding foods by swimming toward the highest concentration of food molecules, or for fleeing from poisons, as well as towards the better understanding of therapeutic response characteristics for certain infectious diseases.
Here, we unveil previously unaddressed transient characteristics of bacterial chemotaxis by providing a unified perspective, focussing on the interrelation between various time scales [8] [9] [10] governing the overall process. We discuss the integration for different network topologies, such as the series, the feed-forward parallel, and the feedback topologies to capture the underlying mechanism of spatio-temporal dynamics, consistent with experimentally obtained results. We further validate our theory with comprehensive experiments.
Modelling
FIG. 2 depicts the essential elements associated with chemotactic signalling. Three feedback loops namely: (i) receptor feedback (F1) [11, 12] , (ii) motor feedback (F2) [6, 7] , and (iii) drift to receptor feedback (F3) [4] are considered in this integrated model. In the chemoreceptor module, kinase activity a(t) is enhanced by methylation m(t), while the rate of methylation is suppressed by a(t). The pathways for this negative feedback loop [m(t) → a(t) ⊣ m(t); where → and ⊣ denote the activation and inhibition of a process, respectively] facilitate receptor-level adaptation. Therefore, the major contribution of this feedback loop lies in desensitization of the steady state kinase activity in presence of temporal ligand
FIG. 1.
Schematic delineates the chemotaxis pathway of E. coli. It broadly includes chemosensory module, signal transduction pathways, and the flagellar motor system. Periplasmic domains of the methyl-accepting chemotaxis proteins (MCP) bind with an attractant/repellent molecule and modulate the auto-phosphorylation activity of the histidine kinase CheA (and CheW) through their cytoplasmic domains. The receptor's adaptation with temporal ligand fluctuation is carried out by a methylation based negative integral feedback loop involving the proteins, CheR and CheB. The phosphorylated CheA-CheW molecules perform signal transduction by phosphorylating the kinase CheY. Thereafter, phospho-CheY molecules relocate themselves form the sensor region to the motor region, bind to the protein FliM, and modulate the CW bias of flagellar motor. The motors also can adapt to a certain extent to the changes in the intracellular phospho-CheY level by varying the composition (number of FliM monomers) of their C-rings. During the default counterclockwise (CCW) rotation of the flagellar motor, flagella bundle together to generate decisive propulsion force to drive the bacterial run. Whenever some of the motors switch their rotation direction to clockwise (CW), the flagella come out of the bundle and thereby bacterium tumbles to get a new direction for its subsequent run.
fluctuations. During motor level adaptation [6, 7] , the bacterial flagellar motor can adapt to the partial alterations of intracellular phospho-CheY concentration by altering its own composition. Due to the bacterial drift towards high concentration of attractant molecules, the ligands get attached to the receptors, which in turn decreases the concentration of the corresponding ligand in that spatial location. Thus, over a population of bacteria, this phenomenon provides a feedback from the drift (vd) to the receptors' methylation transport rate [4, 12] .
Motion of an E. coli in a two-dimensional space is schematically shown in FIG. 3 . Ligand concentration at any specific location (x(t), y(t)) is given by [L](x(t), t), while the spatial ligand variation is assumed to be in one dimension (x-direction). The bacterium starts its (k+1) th run at time tk from the location (xk, yk). In Monod-Wyman-Changeux (MWC) model [13] , E. coli's chemotactic sensor module can mainly be divided into two parts: logarithmicsensors that sense the external nutrient concentrations of exponential variability, and intracellular methylation based receptor adaptation. methylation level m(t) at time t. 
The dynamics of methylation rate (dm(t)/dt) is controlled by two feedback loops (F1 and F3) involving the receptor kinase activity a(t) and drift velocity vd as: [6, 7, 13] , flagellar motor's C-ring encircles a ring of FliM monomers (n) which varies between ncw and nccw , depending on the CW bias (B) of the motor. Flagellar motor can partially adapt to changes in [Y] by modulating the number of FliM monomers (n) in C-ring. The existence of auto-regulatory negative feedback mechanism with the FliM monomers (n) is given by speed of the motor and γ (<1) is a fraction of the boundary region where the sizes of C-ring during the CW and CCW phases match.
Motor rotational bias modulates the bacterial effective tumbling frequency 
where vo is the intrinsic velocity during run. In absence of any spatial ligand concentration gradient, run-time (1 Z ) becomes constant and thus chemotactic drift ceases to exist. Now, it is important to probe the transient characteristics of the interacting dynamical system modules. To understand the response time of the integrated system, firstly several network topologies have been analysed. It can be clearly seen that such transients depend extensively on the chosen topology. As shown in Supplementary Material (Section 1) [19] , every module has its characteristics half-time. The tentative range of the half-time (τ ) of the combined module can be estimated from the half-times of all the constituent modules while each of them is considered to be independently stable.
Half-time (t ) for motor's feedback path of F2 is inferred as:
is the C-ring size during half-time. nmin and nmax are the minimum and maximum value of Cring size that are ncw and nccw, respectively. As response time of a negative feedback system is in between its forward and feedback path's half-times, the half-times of F1 path. The half-time τ of the integrated system is deduced by following similar series topology:
. Typical values of individual module'
half-time are displayed in Table S1 , Supplementary Material [19] and we obtain τ to be in the range of 10-30s; which is consistent with our simulation and experiments. (For more details about different topologies' half-times please see Section 1, Supplementary Material [19] .)
Next, we explore Monte Carlo simulation to validate the theoretical findings from the proposed model. The diffusing spatial step ligand concentration profile is assumed and 1000 bacteria are considered to begin their run from 1000 uniformly chosen initial position in a two-dimensional space. The run-times are derived based on our model. However, at every tumble location, tumbling angle (θ) is assumed to be independent of [L](x(t), t). The angles are drawn from the prescribed probability density function,
using Monte Carlo inverse technique [20] . For each bacterium, 10 5 run-tumble sequences are simulated to obtain the trajectories. The drift velocities, measured for every trajectory, are averaged to obtain the comparison with theoretical estimate.
Results
Experimental settings used are schematically represented in FIG. 4A and the microfluidic setup made of PDMS is shown in Supplementary Material (Section 3) [19] . A 'Y'-shaped microfluidic platform [l =30 mm, h =25 µm, w =800 µm; E. coli, DH5α (10 6 cfu/ml) suspended in PBS and dextrose (3mM) were transported at 1µl/min through 'B' and 'D' reservoirs respectively] was used to validate the developed theoretical understandings. Dimension of the channels is larger than the bacterial dimension by at least one order of magnitude, so that bacterium can have free access within the micro-conduit.
To investigate the bacterial motility characteristics, we wait for 10s prior to the image acquisition (in stopped flow condition) and thus ensure minimal inertial effect. Distribution of dextrose concentration profile is shown in FIG. 4B. Bright field phase contrast microscopy (OLYMPUS IX 71, 40X objective) is used to capture the bacterial transport at the interfacial region (i.e. along the width of the channel from centrally dotted interface shown in FIG. 4A) . Tumbling position (xk, yk) is ascertained from the bacterium's trajectory at instant tk using image processing. The angle between the k th run and positive x-axis at the time interval (tk-1, 7 tk) is given by
. Variation of tumbling angles at every tumbling position is depicted in FIG. 5 , which suggests the continuous adaptation of motor's feedback mechanism in its translational trajectories.
From FIG. 6A, it is clearly evident that the observed drift can also be precisely predicted from simulation studies. For the specific spatial ligand concentration gradient ( in FIG. 4B) , there is a steep rise of the drift and a maximum vd ~ 4.9 ± 0.8 µm/s around 60 seconds; and thereafter it slows down to approximate zero in 300 seconds. In a spatio-temporal ligand 
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field, every run corresponds to two components of motion, firstly the random diffusion and secondly the biased run-time modulation resulting in drift. If the nutrient concentration profile is maintained in only one direction (e.g. x axis), drift is expected to occur in that specified direction only. Hence, the diffusion which is modelled using the tumbling angle distribution; can be averaged out when the cumulative angular shift (movement in 2-D space) crosses 2πk angle (where k is an integer).
To rationalize the outcome of the proposed model, a comparative study is presented in  FIG. 6B with the reported models (details is discussed in Section 2, Supplementary Material [19] ). From FIG. 6B , it can be easily realized that the individual modules (F1, F2, and  F3) or combination of any two individual ones are not substantial for precise estimation of transient drift. 
Conclusions and Outlook
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experimental findings as well. Our new results towards resolving the transients of bacterial chemotactic drift are likely to play a fundamental role towards understanding a wide gamut of processes, ranging from disease pathogenesis, biofilm formation, bioremediation, to carbon cycling in the ocean. The overall half-time (i.e. the time taken by a variable to reach of its half-maximal value) of a topology is always different from its constituent modules' half-time. Here, we have analyzed the resultant half-time for different types of network topologies (e.g. series, parallel, and negative feedback topology) that have helped to derive overall half-time of the proposed chemotaxis network.
Series topology
A series topology is shown in FIG. S1.
Assuming linearity, the dynamic equations describing the series topology can be written as 
Parallel topology
A parallel topology is shown in FIG. S3 .
Similarly, the dynamic equations that describe the parallel topology can be written as . τ = . Figure shows that the resultant characteristic time 1 2 { , } τ τ τ > .
Negative feedback topology:
A negative feedback topology is given in FIG. S5.
In the same way, the dynamic equations describing the negative feedback topology can be defined in Eq. S6 and derived using Cayley-Hamilton theorem. Table S1 and we obtain τ to be in the range of 10s to 30s. It is consistent with our findings of the transient analysis.
FIG. S6:
The resultant half-time for negative feedback model. We considered 
min( , ) max( , )
τ τ τ τ τ < < . Table S1 and we obtain τ to be in the range of 10s to 30s. It is consistent with our findings of the transient analysis.
Section 2: Different types of chemotaxis model for drift velocity
Drift velocity using receptor level adaptation (F1)
Jiang et al. [1] (model in FIG. S8(A) ) have considered the receptor level adaptation 
The initial condition and the scaling of the methylation level of the receptor-complex are parameterized by mo and α, respectively. N is the number of ligand-binding units in every receptor. Ka and Ki are the dissociation constants for the active and inactive receptors, one is the most intuitive and meaningful. However, it is possible to experimentally estimate F(a(t)) as well. In this model, Eq. (S9) is used as the choice of the methylation rate [2] .
Cm is motility constant of the bacteria, and Gcs is a critical gradient beyond which vd saturates. For G<Gcs, the drift velocity is linearly dependent on the spatial gradient of the logarithmic ligand concentration:
For G>Gcs, the drift velocity will be constant (vd ≈ CmGcs).
Drift Velocity: considered receptor adaptation (F1) and dependency of methylation rate on bacterial motility (F3)
In this model (in FIG. S8(B) ), receptor level adaptation [ ] 
F : m(t) activity a(t) | m(t)
Eq. (S11)) and dependency of methylation rate on bacteria motility 3 d
dm(t) F : v dt
(S12)] [3] are considered to design the chemotaxis model for the drift velocity. is the Hill coefficient, o Z is the average tumbling frequency at a=ao. The chemotaxis drift velocity is proportional to the spatial derivative of Z -1 and it can be written as:
)( a(t)) dt Na(t)( a(t)) dt [L]( x(t),t ) where G ln [L]( x(t),t ) ; u( x(t),t ) ln
The derived drift velocity using this model for particular ligand concentration [L](x(t),t) (FIG. S11) is shown in FIG. 6(B) of the main manuscript.
Drift Velocity: considered receptor adaptation (F1) and motor level adaptation (F2)
In this chemotaxis model [FIG. S8(C) S15) ) that followed Hill function [7] [8] [9] with hill coefficient (w1) and half-maximal effect (K1/2).
The phospho-CheY molecules transport through the cytoplasm and bind with FliM and FliN proteins of C-ring. Recently, experiments [6, 10] show that the bacterial flagellar motor can adapt to changes in the intracellular level of phospho-CheY by changing its composition. A model is constructed for motor-level adaptation which is modulated the number of FliM monomers in the C-ring. The motor level feedback is governed by FliM exchange between CCW and CW states. Specifically, the rates at which the FliM monomer are switched 'ON'/'OFF' depend upon the 'CW' and 'CCW' states of the motor. The constructed model shows good agreement with the observed motor-level adaptation. In this model, a MonodWyman-Changeux (MWC) [11] model can be used to describe the motor's highly cooperative switching behavior (CW bias B) that is derived in Eq. (S16).
. Kcw and Kccw (>Kcw) are dissociation constants for binding of phospho-CheY to FliM for CW and CCW state, respectively. λ is the equilibrium constant for transitions between the CW and CCW states. n ϵ [ncw, nccw] is the size of the FliM ring and the motor-level adaptation dynamics are characterized by the function H that can thus be expressed explicitly as:
where, ccw cw n (n n ) ∆ = − . ncw and nccw (> ncw) define the size of C-ring for CW and CCW state, respectively. ko determines the adaptation speed of the motor and γ (<1) is the fraction of the boundary region where ring size of C-ring for CW and CCW meet. Total effective tumbling frequency is indicated by Z and inverse of Z (i.e., Z -1 ) is the nothing but average modulated run-time. The definition of Z [8, 9, 12, 13] is given by Eq. (S18). For increasing attractant or decreasing repellent gradient, the tumbling frequency decreases from its original value and bacteria stretch their movement toward a favorable direction.
( )
where b and e define curve the scaling and fitting parameters of Z respectively. Zθ is the rotational diffusion co-efficient that has been affected by the directional fluctuation of bacteria (i.e., distribution of tumbling angle, p(θ) that is defined in Eq. (S19)). (FIG. S11) , the derived drift velocity for this model is shown in FIG. 6(B) of the main manuscript. 
(S20). For particular ligand concentration [L](x(t),t)
2 1 d o d v (t) v . dx Z   =     (S20)
Section 3 Experimental details
The microfluidic setup made of PDMS is shown in FIG. S10 . A 'Y'-shaped microfluidic platform (l =30 mm, h =25 µm, w =800 µm) was used to validate the developed theoretical understandings. Single colony of DH5α E. coli cells was inoculated in 10mL Luria Broth (Himedia, India) and incubated at 37 o C and 250rpm overnight. Cells were harvested at an OD600 of 0.6 (corresponding to 10 8 cfu/ml) thereafter by centrifugation at 5000rpm for 10min and washed once with PBS (phosphate-buffered saline, pH~7.4). Cells were further diluted by 100 times for experimentations. Dimension of the channels is larger than the bacterial dimension by at least one order of magnitude, so that bacterium can have free access within the micro-conduit. Photolithography and subsequent soft lithography were performed to fabricate the micro-channel and thereafter bonded using oxygen plasma. E. coli, DH5α (concentration: 10 6 cfu/ml) strain suspended in phosphate buffer saline (PBS, pH~7.4) was used in the experiment. In two arms of the 'Y-microchannel', bacterial suspension and dextrose solution (3mM) respectively was transported using syringe pump. A flow rate of 
( ) d ln [L](x(t),t) dx
with time.
